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Introduction
The engineering and geological estimations revealed by British Petroleum (BP) in 2012 stated that there was a growth in proved oil reserves since the 1980s. However oil prices started to increase rapidly during the same period [1] . Heavy goods vehicle (HGV) fleet operators have a desire to use cheaper surrogate fuels than petroleum diesel (PD) as cost is one of their important operating parameters. HGVs are also a significant contributor to road transport CO 2 emissions.
To maximize carbon reduction potential, the EPID (Environmental and Performance Impact of Direct use of used cooking oil in trucks under real world driving conditions) project has been set up to examine and investigate the environmental and performance impacts of the direct use of refined straight used cooking oils in diesel engine powered 44 ton trucks. A used cooking oil derived biofuel, C2G (C2G: Convert to Green) Ultra Biofuel (hereinafter known as UBF) is a fully renewable fuel made as a diesel replacement from processed used cooking oil, used directly in diesel engines. A dual fuel tank containing the UBF and PD has been fitted to the truck. Twelve fuel samples were collected, analysed and grouped into four seasonal batches. Both neat and blends of the UBF with PD were investigated. The aim of this paper is to evaluate the fuel jet properties of the UBF and its blends with PD as surrogate fuels in a Mercedes Benz Axor-C 2543 tractor engine in comparison to those of conventional pump PD. The study emphasises the properties of viscosity, density and lower heating value of the UBF and its blends with PD on the jet characteristics such as penetration length, Sauter Mean Diameter (SMD), fuel jet cone angle and jet velocity at different engine speeds and injection timings taking into account the piston crown cavity size as a limit for the maximum jet penetration length.
Fuel Spray and Key Parameters Affecting Its Performance
Many researchers [2] , [3] , [4] , [5] and [6] performed experimental studies to visualise and model the fuel jet behaviour in a confined steady state environment. The models include semi empirical equations for the fuel jet characteristics. Pastor et al [7] used an optically accessible cylinder head engine to find the best correlation between the fuel properties and the varying physical circumstances in the cylinder. Martinez et al [5] used a similar technique with various injection pressures ranging from 300 to 1300 bar. They used a single axisymmetric-hole mini-sac nozzle with diameter range from 115 to 200µm.
The fuel jet penetration length S can be defined as the maximum distance for the fuel jet to extend before reaching the walls of the combustion chamber. A model was developed by Wakuri et al [8] based on momentum theory neglecting the relative motion between the fuel droplets and the surrounding air giving:
where, ∆P is the pressure drop across the nozzle opening in [Pa], d o is the nozzle outlet diameter, α is the fuel jet cone angle and ρ g is the gas density. C d is the coefficient of discharge for the nozzle opening which can be found by the following equation proposed by Dernotte et al [2] .
where, ʋ f is the fuel kinematic viscosity and ∆P is in [MPa] . The Reynolds number Re is given by = . ʋ
and V th is the theoretical fuel velocity issuing from the nozzle opening [m/s]:
with ρ f the fuel density and ∆P is in [Pa]. Sauter Mean Diameter (SMD) is defined as the mean diameter of the jet droplets that have the same surface area to volume ratio. Dernotte et al. [2] proposed (Eq.5) for SMD measurement at very high injection pressures:
where, V act is the actual fuel jet velocity in [m/s] (defined in Eq.7 below). Agarwal and Chaudhury [6] defined the spray cone angle α as the largest angle formed by two straight lines from the nozzle hole to the spray boundary. Dernotte et al. [2] proposed the following equation for the determination of fuel jet cone angle:
[ ] . . ∆ . .
with ∆P in [MPa] and V act is the actual initial fuel velocity issuing from the nozzle opening. =
Demirbas [9] proposed the following correlation between the kinematic viscosity and density of vegetable oils with a coefficient of regression of R 2 = 0.9398: 
A higher fuel viscosity could reduce the spray cone angle and increase the penetration length and it could reduce the fuel flow rate due to the increased friction coefficient [3] . Demirbas [9] suggested the following equation as an easier, faster and cost effective way for higher heating value (HHV) determination for vegetable oils with a coefficient of regression of R 2 = 0.9435: = . ʋ + .
Specification of Engine, Fuel Blending System and Fuel Property Measurement Methods

The Engine to be Simulated for Fuel Spray Properties
The targeted test vehicle is powered by a Mercedes Benz engine with specifications as in table 1. Courtesy of Daimler Chrysler AG, D-70546 Stuttgart/ Germany. The data in table 1 were used in the Diesel dual cycle for a close simulation of the injection environment including the dynamic variation of in-cylinder gas pressure, temperature and density at different speeds taking into account the differences in LHV and injection timing adjustment due to speed variation.
The tests were carried out at the standard low idle speed, the maximum torque speed and the rated power speed. A P-V diagram was plotted for the combined data of engine characteristics and fuel properties. Special attention was paid to the range of crank angles between (20° bTDC to 20° aTDC with increments of 2.5°CA) where the injection process takes place. driving test between Ashby De La Zouch and Wigston were analysed. The data revealed that the system allows the UBF to be delivered to the engine only at fuel line temperatures higher than 45°C up to the maximum engine compartment temperature.
The UBF Sample Property Measurement
The density of the fuel blends were measured manually using a 5 ml Pychnometer. The tests were carried out at 23°C and then all the data were adjusted to temperatures ranging from 15°C to 100°C (fuel system operational temperatures) according to the correlation equations based on API-ASTM-IP (ISO 91-1). The viscosity of the fuel blends were measured in a variable temperature test using a Bohlin Rheometer, (Malvern Instruments). The temperature range covered by this test was (15-110°C).
The HHV of the UBF was obtained by Bomb Calorimetry. Parr 6200 Bomb Calorimeter was used for this purpose. In order to obtain the LHV of the fuel, CHNS analysis of the UBF was performed. A Flash EA2000 CHNS-O had been used to obtain the mass percentage of hydrogen in the UBF sample which was used in the LHV determination. Fig. 1 shows the variation of UBF and its blends with PD with temperature. The higher the UBF content in the blend the greater the ρ f at a given temperature. The UBF is prohibited from entering the engine at temperatures lower than 45°C because its density is 8% higher than that of PD. 
Results
Variation of Fuel Density for Different Batches and Blends as a Function of Temperature
Variation of Fuel Viscosity for Different Batches and Blends as a Function of
Temperature Fig. 2 shows that the kinematic viscosity of the blend increases dramatically as the UBF content in the blend increases even at high temperatures. Figure 3 Variation of ʋ f with temperature for different blends of the summer batch. Fig. 3 shows that UBF is more sensitive to temperature variations than PD. Increasing the temperature from 40°C to 100°C reduces the ʋ f of UBF to 35% of its original value, while ʋ f for PD reduces to only 70% of its original value for the same temperature increase. However the kinematic viscosity of UBF is still sevenfold higher than that of PD at 100°C. Applied Mechanics and Materials Vol. 694 7 Figure 6 Variation of fuel jet length with Re at various engine speeds and fuel temperatures. Fig. 4 illustrates the growth of the fuel jet in the combustion chamber from the start of the injection process to the maximum allowable distance the jet could travel before collision to the piston bowl wall which is about [5 cm] . It is observed that each curve exhibits two rate of jet growth. A high rate of fuel jet growth at the beginning is followed by a lower rate of growth towards the end. This could be attributed to the higher gas pressure and density as the piston ascends to its upper dwell. The graphs also show that, even with injection timing advancement, the rate of fuel jet growth at high engine speed is lower than that at the low speeds. This is affiliated to higher rate of gas pressure and temperature rise at higher speeds. A comparison among the fuel jet behaviours at different temperatures shows that the sensitivity to temperature variation is greater as the UBF content in the blend increases ( Fig. 5 ). Therefore it is seen that pure UBF possesses a higher rate of growth ( Fig. 4a ) at 40°C than 90°C especially as the piston gets closer to the TDC. This is quite clear in Fig. 6 and could be attributed to the domination of the viscosity effects (larger droplets) to the inertia effects (lower velocity). Unfortunately this jet behaviour is a major cause of fuel-wall collision at an even earlier time. Practically, this might result in higher fuel consumption, more lube oil dilution, higher emissions and lower output power. Fig. 7 exhibits a slight increase in the fuel mean droplet size SMD with crank angle. This is an inevitable result of the decrease of the pressure difference ∆P between the injection pressure and the gas pressure. The gas pressure continues to increase as the piston gets closer to the TDC and after the combustion starts. The reduced ∆P adversely affects the atomisation process therefore larger droplets are found in the spray. a b Figure 7 Variation of SMD with crank angle for UBF and its blends with PD at different fuel temperatures and different engine speeds. Fig. 8 shows that larger fuel droplets are observed as the UBF content in the blend increases at a given crank angle especially at lower temperatures. Pure UBF at 90°C produces droplets with SMD half that of the same fuel at 40°C at the same operational conditions. It is also seen that at 90°C pure UBF produces fuel droplets with SMD 60% larger than that of the PD at a given operational condition. Fig. 9 explains the phenomena, as the higher viscosity of UBF hinders the fuel flow, reduces the flow velocity and increases the droplet size. Therefore the viscous effect dominates even for the higher density of the UBF which is dampened by the low droplet velocity. The practical consequences for the larger SMD is a limited fuel to air contact and a greater temperature gradient from the surface to the centre of the droplet which affects fuel evaporation and mixing with air. A more heterogeneous mixture with longer ignition delay period is expected. Fig. 10 illustrates the increase in the fuel jet cone angle as the fuel injection process gets close to the TDC. This could be attributed to the growing gas density which applies a high shear to the fuel jet, a high drag force on the jet front and a more air entertainment and mixing. It is also seen that increasing the UBF temperature from 40-90°C increases the jet cone angle by 34%. At 90°C the jet cone angle in PD is always 18% larger than that of UBF due to its lower viscosity and density and hence smaller SMD and jet length. 12 ) which increase the friction in the nozzle and reduce the jet velocity. Smaller fuel cone angle means that the fuel jet preserves the core structure and keeps the fuel droplets close to jet core for a longer time. This will reduce air entrainment to the fuel. The net effect is a deteriorated fuel atomisation towards a highly heterogeneous mixture. Here again the effect of UBF's higher density is opposed by the lower jet velocity. 
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Summary
The variations in physical properties of the fuel affect the fuel jet characteristics. The data in table 2 are taken at the same engine operational conditions and for the fuel jet before its collision to the piston crown cavity wall. It could be inferred from the data that the ʋ f of UBF reduces by 65% while that of the PD reduces by 30% as the temperature increases from 40°C to 90°C. This means that UBF is more sensitive to temperature variations than PD. However, as a magnitude the ʋ f of UBF is seven fold larger than that of PD at the higher temperature extreme. Accordingly, poorer atomisation, evaporation and mixing with air is expected from the UBF at the lower temperatures. Therefore the engine ECU in conjunction with the Bioltec system usually compromises between the fuel temperature and the UBF content in the blend. Using UBF and its blends with the PD showed considerable variations in the fuel jet characteristics especially at high UBF content blends and at low temperatures. The variations in fuel jet characteristics for this particular engine under the specified operational conditions are tabulated in table 3. The data in table 3 indicates the change of fuel jet characteristics in percentage for each 10% increase in UBF content in the blend delivered to the engine at 40°C and 90°C respectively for a fully extended jet to its maximum allowable length. The data shows that the variation of the fuel jet characteristics with UBF content could be classified into two ranges. The first one is the percentage change in spray characteristics for UBF content variation in the blend from 0-80%, which follows a nearly constant rate of change of jet characteristics, and the change in jet characteristics at 40°C is about twice those at 90°C. The second range is the variation of UBF content in the blend from 80% to 100% (pure UBF) which shows a great difference in jet characteristics. Comparing the fuel jet characteristics for this range at 90°C with 0-80% shows that: the rate of increase of SMD is 5.5 times higher, the rate of cone angle decrease is about 4 times lower and the rate of jet length increase is 4.7 times higher. Performing the same comparison at 40°C gives the SMD increase, α decrease and S increase in the following sequence: 14.25, 6.45 and 8.84 respectively.
It could be concluded that engine speed has a negligible effect on the SMD and jet velocity, while the fuel temperature plays a key role in spray characteristics. Therefore it is more convenient to operate the engine on blends with UBF content up to 80% to avoid higher fuel consumption and higher pollution load on the exhaust after treatment system compared to using 100% UBF. Although the higher fuel viscosity deteriorates the combustion process and the engine output, the higher fuel density could compensate for the lower heating value of the UBF and to lower the expected increase in fuel consumption to obtain the same power output.
